Many therapeutic monoclonal antibodies (mAbs) are clinically administered through intravenous infusion after mixing with a diluent, e.g., saline, 5% dextrose. Such a clinical setting increases the likelihood of interactions among mAb molecules, diluent, and plasma components, which may adversely affect product safety and efficacy. Avastin Ò (bevacizumab) and Herceptin Ò (trastuzumab), but not Remicade Ò (infliximab), were shown to undergo rapid aggregation upon dilution into 5% dextrose when mixed with human plasma in vitro; however, the biochemical pathways leading to the aggregation were not clearly defined. Here, we show that dextrose-mediated aggregation of Avastin or Herceptin in plasma involves isoelectric precipitation of complement proteins. Using mass spectrometry, we found that dextrose-induced insoluble aggregates were composed of mAb itself and multiple abundant plasma proteins, namely complement proteins C3, C4, factor H, fibronectin, and apolipoprotein. These plasma proteins, which are characterized by an isoelectronic point of 5.5-6.7, lost solubility at the resulting pH in the mixture with formulated Avastin (pH 6.2) and Herceptin (pH 6.0). Notably, switching formulation buffers for Avastin (pH 6.2) and Remicade (pH 7.2) reversed their aggregation profiles. Avastin formed little, if any, insoluble aggregates in dextrose-plasma upon raising the buffer pH to 7.2 or above. Furthermore, dextrose induced pH-dependent precipitation of plasma proteins, with massive insoluble aggregates being detected at pH 6.5-6.8. These data show that isoelectric precipitation of complement proteins is a prerequisite of dextrose-induced aggregation of mAb in human plasma. This finding highlights the importance of assessing the compatibility of a therapeutic mAb with diluent and human plasma during product development.
Introduction
The formation of particulate matters in injectable pharmaceuticals can adversely affect patient safety and product efficacy; [1] [2] [3] [4] for instances, immunogenicity, 4 pulmonary emboli, 5 immune system dysfunction, 6 organ dysfunction, 7, 8 and even death. 5, [9] [10] [11] [12] Therefore, the levels of particulates in pharmaceuticals for injection must be adequately assessed during formulation, storage, and clinical administration. The typical quality control strategy involves release and stability testing for subvisible particulates sized 10 microns and 25 microns following the US. This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http://creativecommons.org/licenses/ by-nc/3.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s) have been asserted.
administered via intravenous (IV) infusion after mixing with a diluent (e.g., 5% dextrose, 0.9% NaCl). Such a clinical procedure increases the likelihood of drug-matrix interactions, which may facilitate product aggregation. Arvinte et al. 13 recently showed that the therapeutic mAbs Avastin Ò (bevacizumab) and Herceptin Ò (trastuzumab) formed aggregates when mixed with 5% dextrose and human plasma in vitro. The contributing factors were suggested to be related to the exposure of hydrophobic residues or inappropriate handling of the mAb product at the clinic. 14, 15 However, the precise mechanisms by which a therapeutic mAb forms insoluble aggregates in dextrose and plasma were not clearly defined.
In this study, we made a similar observation that Avastin and Herceptin, but not Remicade Ò (infliximab) rapidly formed insoluble aggregates after mixing with 5% dextrose and human plasma in vitro. Notably, dextrose-mediated protein aggregation was only observed for those products that are formulated in acidic pH buffer (pH 6.0-6.2). The insoluble aggregates were found to contain several abundant plasma proteins, namely complement C3, C4, and factor H, whose isoelectric points (pI values) are close to the acidic pH of Avastin formulation (pH 6.2). Our studies reveal that those abundant plasma proteins (pI »5.5-6.7) undergo isoelectric precipitation when mixed with 5% dextrose in an acidic buffer (pH 6.0-6.2), which in turn leads to co-precipitation of mAb molecules through interactions with the complement proteins.
Results
Characterization of protein aggregates formed when mixing therapeutic mAbs with dextrose and human plasma in vitro Several therapeutic mAbs were shown to form insoluble aggregates when mixed with dextrose and human plasma in vitro; 13 however, the biochemical pathways leading to the aggregation were not clearly defined. We sought to identify factors in diluent and product formulations that contribute to aggregation of therapeutic mAbs in plasma. To this end, mAb-containing protein aggregates were generated following the procedures previously described. 13 Briefly, aliquots (10-25 ml) of mAb solution were diluted into 300 ml of 5% dextrose or 0.9% saline followed by addition of human plasma (10 ml), resulting in a mixture with a typical volume ratio at mAb (1) : diluent (30) : plasma (1). The mixture was incubated at 25 C for 30 min and then centrifuged at 21,000 g for 3 min at 25 C. The particulate morphology and counts in the mixtures of Avastin (3 mL), 5% dextrose (1 mL), and plasma (3 mL) were determined using micro-flow imaging (MFI) analysis. The particles are amorphous and tend to be translucent especially for the smaller particles (Fig. 1A) . After 30 min incubation, the mixture was found to contain 478,196 § 63,195 particles/mL, predominantly (>90%) in the size range of 1-2 mm. The particulate counts dropped to 25,719 § 2,328 particles/mL in the supernatant post-centrifugation (Fig. 1B) , which is comparable with the basal level of particulates (13,940 § 3,781 particles/mL) detected in the mixture of Avastin with saline and plasma. This data shows that the centrifugation procedure was effective in isolating at least 95% of insoluble particulates present in the mixture, and therefore such procedures were followed in this study to assess protein aggregates formed under different conditions. The insoluble aggregates were collected by centrifugation and resolved onto SDS-PAGE ( Fig. 2A) . Aliquots of individual mAb and human plasma alone were included as controls. As expected, 13 all 3 mAbs tested formed little (if any) insoluble aggregates when mixed with saline (0.9% sodium chloride) and human plasma (lanes 5-7). By contrast, Avastin and Herceptin, but not Remicade, formed substantial insoluble aggregates when mixed with dextrose and human plasma (lane [8] [9] [10] .
To characterize dextrose-mediated protein aggregates, visible protein bands ( Fig. 2A; lane 8) were excised from the SDS-PAGE gel and analyzed by in-gel digestion and liquid chromatography-tandem mass spectrometry (LC-MS/MS). A number of proteins were identified ( Table 1) ; the most abundant ones, including apolipoprotein B-100, fibronectin, complement factor H, and complement protein C3 and C4, are highlighted in Fig. 2B . These proteins are known to be abundant in human plasma, and are characterized by a pI value falling within the range of 5.5 to 6.7. In addition, bands 8 and 10 were identified as IgG1-related species that likely correspond to the heavy chain and light chain of Avastin IgG1 mAb. These data demonstrate for the first time that dextrose-induced Avastin aggregation in plasma involves mAb itself and complement proteins from human plasma.
Biochemical pathways triggering aggregation of therapeutic mAbs in plasma
The presence of complement proteins in dextrose-induced Avastin aggregates suggested that these proteins might be the trigger of aggregation. To test this possibility, we assessed the aggregation potential of Avastin in plasma samples with immunedepletion of specific complement proteins, including C1q, C2, C3, C4, factor B, and factor D. These complement proteins are known to be essential in complement activation pathways in which they trigger a cascade of protein complex formation. 16 As shown in Fig. 3A , depletion of a single complement protein from human serum had little or no effect on dextrose-mediated aggregation of Avastin in terms of the amount of insoluble aggregates or major protein components. We also compared serum samples freshly collected from wild-type mouse and C3-knocked out mouse. Under similar conditions as in Fig. 2A , Avastin displayed a near identical aggregation pattern when exposed to C3-deficient mouse serum, wild-type mouse serum, and whole human plasma (Fig. 3B) . In addition, heat inactivation of the complement system, which was achieved by incubation of human plasma at 56 C for 60 minutes, 17 had little or no effect on Avastin aggregation (data not shown). Collectively, dextrose-induced aggregation of Avastin in plasma was not affected by removal of individual complement protein or by heat inactivation of the complement system. Next, we asked if product formulation plays a role in the observed aggregation phenomena. To this end, we switched formulation buffers for Avastin and Remicade according to the approved formulation formula ( Table 2) . This was achieved through sequential dilution (1:800) and concentration procedures (see detail in Materials and Methods). The resulting reformulated samples were tested for aggregation. Strikingly, when Remicade (pH 7.2) was placed into Avastin formulation (pH 6.2) and then mixed with dextrose and plasma as in Fig 2A, massive insoluble protein aggregates were detected ( Fig. 4A; lane 3) . The Remicade-containing aggregates displayed a similar band pattern on SDS-PAGE as observed for Avastin (lane 5). By contrast, Avastin lost the ability to form aggregates when exchanged into Remicade formulation (lane 6). These data indicate that product formulation is a critical determination of mAb aggregation when diluting with dextrose and plasma.
A major difference between the approved formulations for the therapeutic mAbs is noted to be the pH values of the formulation buffers. Avastin and Herceptin are formulated at pH 6.0 -6.2 and Remicade at pH 7.2 ( Table 2) . In comparing the observed aggregation patterns, it became evident that only the products formulated at lower pH (Avastin and Herceptin) formed insoluble aggregates in the presence of dextrose and plasma. We then tested if mAb aggregation could be affected by alteration of formulation pH while maintaining other formulation excipients. When the pH of Avastin-dextrose-plasma mixture was raised from 6.9 to 7.2, protein aggregation was effectively prevented ( Fig. 4B ; lanes 2-3). A similar result was obtained for Herceptin-dextrose-plasma mixture (data not shown). In contrast, when the pH of Remicade-dextroseplasma mixture was lowered from 7.7 to 6.5, massive insoluble protein aggregates were detected (lanes 4-5).
We tested the potential effects of each formulation excipient on dextrose-mediated mAb aggregation. To this end, we prepared artificial formulation samples by omitting each individual component of the Avastin product formulation and also the mAb active pharmaceutical ingredient (API) itself ( Table 2 ). All the samples prepared were confirmed to be at pH 6.2 as the approved formulation, except the sample lacking phosphate-buffering agent. Compared to the native Avastin-dextrose-plasma mixture ( Fig. 4C; lane 3) , a similar pattern of protein aggregates was detected when Avastin API was omitted from the formulation (lane 4). In the absence of mAb API, SDS-PAGE still showed the 2 protein bands corresponding to IgG heavy and light chains, which presumably came from endogenous immunoglobulins present in human plasma. Removal of trehalose (lane 5) or polysorbate (lane 6) from the formulation had no significant effect on aggregate formation. Notably, protein aggregation was effectively abolished when phosphate was eliminated from the formulation buffer, which raised the pH to »8.0 (lane 7). In agreement with data in Fig. 4A and 4B, the altered aggregation patterns were closely associated with changes in the pH of each mixture (Fig. 4C, final pH) .
Given that the plasma proteins present in the insoluble aggregates are characterized by a pI value in the range of 5.5 -6.7 (Fig. 2B) , it is reasonable to propose that dextrose-induced aggregation of Avastin or Herceptin likely results from the decreased solubility of these abundant plasma proteins whose pI values are close to the pH of the mixture. These abundant plasma proteins appear to undergo isoelectric precipitation when encountering dextrose at a pH close to their pI values. To support this notion, plasma proteins were found to display a pH-dependent aggregation in the presence of dextrose (Fig. 5A) . In this experiment, aliquots of human plasma were mixed with dextrose and a phosphate buffer with a pH ranging from 5.9 to 8.0. Massive insoluble protein aggregates were detected at pH 6.5 and steadily decreased as the pH increased. No apparent insoluble aggregates were detected at pH 7.4 or above. The protein components of aggregates that were formed in plasma alone were found to be almost identical to those identified in the Avastin-containing aggregates.
We further showed that Avastin was no longer able to form aggregates in a plasma sample in which the pre-formed aggregates of plasma proteins were removed. In this experiment, aliquots of human plasma were incubated with dextrose in the formulation buffer (no mAb API) of Avastin (pH 6.2) at 25 C for 30 min. The aggregates formed by plasma proteins were removed using either centrifugation or membrane filtration (0.22 mm). The resulting supernatant was incubated with Avastin, which showed little or no insoluble aggregates ( Fig. 5B; lanes 3-4) . This data supports the notion that aggregation of plasma proteins, likely those with pI values close to 6, is a prerequisite for a therapeutic mAb to be co-precipitated with abundant plasma proteins (e.g., complement proteins C3/C4). Collectively, dextrose-mediated aggregation of therapeutic mAbs in plasma appears to involve isoelectric precipitation of several abundant plasma proteins (Fig. 2B) whose pI values are proximate to the pH of the mixture under the specified in vitro conditions.
We also tested if the aggregation of plasma proteins in dextrose solution could trigger co-precipitation of non-mAb therapeutic proteins. Pulmozyme Ò (dornase alfa, inhalation solution), a recombinant human deoxyribonuclease I formulated in sodium chloride solution (pH 6.3), was chosen for this study. When Pulmozyme was mixed with dextrose and plasma, protein aggregates were detected, presumably formed by abundant plasma proteins. However, no Pulmozyme protein (»37 kDa) was detected in the aggregates of plasma proteins ( Fig. 6; lane 3 versus lane 2) . This data suggests that aggregates of plasma proteins (Fig. 2B) may only lead to co-precipitation of therapeutic mAbs, but not other recombinant proteins.
Discussion
The presence of particulate matters in pharmaceuticals used in IV injection can adversely affect patient safety and product 
efficacy;
1 therefore, the levels of particulates in these products must be adequately assessed and controlled. This is especially true for therapeutic mAbs because of the inherent tendency of proteins to form aggregates. To add complexity, many therapeutic mAbs are clinically administered through IV infusion after mixing with a diluent (e.g., 5% dextrose or 0.9% saline). Such a clinical setting increases the likelihood of interactions among mAb molecules, diluent, and plasma components, which may further enhance protein aggregation. For instance, use of dextrose is prohibited as a diluent for Herceptin and Avastin according to the FDA-approved product labels. In consistence with Arvinte et al, 13 here we show that both Avastin and Herceptin undergo rapid aggregation when mixing with 5% dextrose and human plasma under in vitro conditions. This data provides a mechanistic basis for the incompatibility between dextrose and the therapeutic mAb products.
The insoluble aggregates from dextrose-Avastin-plasma mixture are composed of mAb itself and complement proteins from plasma, including complement protein C3, C4, factor H, fibronectin, and apolipoprotein B-100. These proteins are characterized by a pI »5.5 -6.7 (Fig. 2) , and became precipitated when incubated with a mixture of product formulation and dextrose whose pH lies within this specified range (Fig. 5) . Complement proteins are known to interact with IgG immunoglobulins. 18 Therefore, it is reasonable to propose that dextrose-mediated aggregation of mAb in plasma involves isoelectric precipitation of abundant plasma proteins (Fig. 7) . As a result, the concurrent mAb molecules are co-precipitated, leading to the formation of insoluble protein aggregates containing mAb itself and complement proteins. In support of this notion, plasma proteins underwent a pH-dependent aggregation, with the most severity being observed at pH»6.5 (Fig. 5A) . Dextrose-mediated aggregation of mAb was only observed for products formulated at pH 6.0 -6.2, but not for Remicade formulated at pH 7.2. Notably, switching formulation buffers for Avastin and Remicade reversed their aggregation patterns (Fig. 4A) . Further, dextrose-mediated aggregation of Avastin was effectively blocked when buffer pH was raised to 7.2 or higher (Fig. 4B) . These data for the first time demonstrate that plasma proteins are involved in the aggregation of a therapeutic mAb in dextrose. The insoluble aggregates were only detected in the mixture with dextrose, while none of the products tested showed aggregation when mixed with saline and plasma, although the Avastinsaline-plasma mixture had an acidic pH 6.6. Additional studies are underway in our laboratory to characterize the potential effects of ionic strength on aggregate formation when a therapeutic mAb encounters a diluent and human plasma.
It should be noted that our observations were made under in vitro conditions where the ratios of mAb with diluent and plasma were not reflective of the clinical settings. The data presented only suggest a possibility of adverse aggregation arising from interactions between a therapeutic mAb and plasma proteins when an inappropriate diluent is being used. Moreover, it remains to be determined if the observation is generally applicable to other mAb products under similar in vitro conditions. More rigorous studies are required to assess risk factors causing aggregation of a particular therapeutic mAb product under clinical relevant conditions involving diluent and human plasma. Nonetheless, our findings highlight the importance of assessing the compatibility of a mAb product formulation with diluent and human plasma during product development.
This report of the pH-dependent aggregation of Avastin or Herceptin in mixing with dextrose and plasma should not be interpreted to imply a suggestion of changes to the approved product formulations. Avastin and Herceptin are formulated at pH 6.2 and 6.0, respectively, and both molecules are known to have unique stability issues at higher pH. For instances, the light chain Asn 30 of Herceptin deamidates at pH >5, which lowers product bioactivity. 19 Avastin forms noncovalent dimers at pH >5.5 or "reversible self-association" that is concentration, pH, ionic strength, and temperature dependent. 20 These product-specific issues must be taken into consideration when developing formulations in order to ensure product stability. By contrast, this study addresses unique issues concerning compatibility between a formulated therapeutic mAb and diluent for IV infusion into patients. The acquired information has potential implications in guiding the selection of appropriate diluents for particular therapeutic mAbs.
Materials and Methods
Therapeutic proteins and chemicals Therapeutic proteins including Avastin (Roche), Herceptin (Roche), Remicade (Janssen Biotech), and Pulmozyme (Roche) were purchased from the Division of Veterinary Resources pharmacy, Office of Research Services, National Institutes of Health. Dextrose, sodium chloride, a,a-trehalose, sucrose, sodium phosphate, polysorbate, acetonitrile (Chromasolv Ò Plus), ammonium bicarbonate, trypsin (Singles, Proteomics Grade), and 50% formic acid were purchased from Sigma-Aldrich. Stock solutions of 5% dextrose and 9% NaCl (1.54 M) were prepared using purified water, passed through a 0.22 micron syringe filter (EMD Millipore Millex-GS), and stored at room temperature and at 5 C, respectively. The 5% dextrose solution and a working NaCl solution (0.9%) were used within a week. Human plasma samples (EDTA treated) from healthy volunteers were obtained from National Institutes of Health. Human serum control and serum samples immunodepleted with complement proteins C1q, C2, C3, C4, factor B, or factor D, were purchased from Complement Technology. All plasma and serum samples were aliquoted and stored at ¡80 C, and before use, vials were thawed and centrifuged at 5 C and 21,000 g for 5 min. Fresh serum from a complement C3 knocked out mouse 21 and a wild-type mouse were kindly provided by Qi Qiu and Hui Xu of FDA, respectively.
SDS-PAGE analysis
Aliquots of therapeutic protein solution (10 mL Avastin or Herceptin, or 25 mL Remicade) were diluted in duplicate with 0.3 mL of diluent (0.9% NaCl or 5% dextrose) in 1.5 mL tubes, and followed by addition of 10 mL human plasma. The mixture was incubated at 25 C for 30 min and then subjected to centrifugation at 21,000 g for 3 min at 25 C. The insoluble protein pellets, if any, were washed 3 times by gentle and brief vortex in 0.3 mL of the same diluent used for the mixture (Note: supernatant was removed with caution to avoid disturbing the pellets at the bottom of the microcentrifuge tube). After washing, the pellets were suspended in The stained gels were imaged with a LI-COR Odyssey scanner. 22 As a negative control, samples were prepared following the same procedures but omitting centrifugation steps in order to determine the levels of protein adsorption to the microcentrifuge tube surface.
Particulate counting
The number of particulates in a testing sample was determined using Micro-Flow Imaging (MFI) 5200 Particle Counter Figure 5 . Aggregation of plasma proteins as a prerequisite of Avastin aggregation in the presence of dextrose. (A) pH-dependent aggregation of plasma proteins. Aliquots of dextrose (0.3 mL) were mixed with either 10 mL of Avastin formulation (no mAb API) or 7.5 mL of phosphate buffer (0.2 M) with different starting pH (5.9 to 8.0). After mixing with 10 mL of plasma, the mixture at the indicated final pH was incubated for 10 min at 25 C, the pellets were collected and analyzed. (B) Removal of pre-formed aggregates of plasma proteins prevented dextrose mediated aggregation of Avastin. Aggregates formed in the mixture of Avastin formulation (no mAb API) and dextrose-plasma solution were removed by either centrifugation (Cen) or filtration (Flt) through 0.22 mm filter. Avastin was then added and the pellets were analyzed. Figure 6 . Inability of Pulmozyme to co-precipitate with aggregates of plasma proteins. Pulmozyme was exchanged into dextrose-phosphate solution prior to mixing with plasma (lane 3). Briefly, Pulmozyme (250 mL) was added to 3 mL of 5% dextrose containing 75 mL of 0.2 M phosphate buffer pH 5.9. The solution was concentrated to 0.3 mL at 5 C using an Amicon ultra-4 membrane unit (3 kDa molecular weight cutoff). The membrane integrity was confirmed by SDS-PAGE showing a complete recovery of total proteins and that no protein was detected in the filtrate. A solution of 10 mL plasma was then added to the Pulmozyme-dextrose-phosphate mixture, followed by 30 min incubation at 25 C. The pellets were collected and analyzed by SDS-PAGE. Lane 1: Pulmozyme solution (2 mg) alone. Lane 2: plasma protein aggregates formed in dextrose-phosphate-plasma mixture. Arrow indicates potential location of Pulmozyme protein band (»37 kDa), if any, presented in the pellets.
(ProteinSimple) with a capacity of detecting particulates of 1-70 microns and up to 900,000 particles/mL.
Liquid chromatography-tandem mass spectrometry Insoluble protein aggregates were characterized using LC-MS/ MS analysis. Briefly, protein aggregates were harvested by centrifugation and then resolved onto SDS-PAGE with Coomassie Blue staining. Protein bands were retrieved and destained with 50% acetonitrile in 25 mM ammonium bicarbonate (AB). Cysteine residues were reduced with 100 mL of 10 mM DTT, and then alkylated with 100 mL of 50 mM iodoacetamide (Pierce, Single-Use) in 25 mM AB at 25 C for 30 min. Excess iodoacetamide was washed away with 100 mL of 50 mM AB and then 50% acetonitrile in 25 mM AB. Gel pieces were dehydrated with 200 mL neat acetonitrile for 5 min followed by air drying for 10 min. A solution of 15 mL trypsin in 25 mM AB at 25 ng/ mL concentration was added to rehydrate the gel pieces for 15 min, excess trypsin solution was removed. A solution of 25 mM AB 20 mL was added to completely cover the gel pieces, in-gel proteins were digested overnight at 37 C in a CO 2 incubator. The digestion was stopped by acidification with 1 mL of 10% formic acid to reach pH 2-3, and the solution was transferred to a new microtube. After extraction of remaining peptides from the gel pieces with 20 mL of 60% acetonitrile in 0.1% formic acid for 15 min, the peptide-containing solutions were combined and the samples were dried in a Savant SpeedVac concentrator (Thermo Scientific). The tryptic peptides were dissolved in 8-20 mL of 3% acetonitrile in 0.1% formic acid based on the band intensity, injected onto an Agilent C18 ProtIDChip-43 (G4240-62005), and then sequenced by an Agilent 1260 HPLC-Chip nano-electrospray-ionization 6520 Q-TOF tandem MS spectrometry using the auto-MS/MS acquisition method and the Agilent Spectrum Mill data analysis software as described previously. 23 Buffer exchange Formulation buffers were prepared according to the approved excipient formulas for the therapeutic mAb products ( Table 2) . To exchange formulation buffer, 100 mL of drug A (e.g., Remicade) was diluted into 500 mL of drug B (e.g., Avastin) formulation buffer and then concentrated at 5 C in an Amicon ultra-0.5 centrifugal filter unit (EMD Millipore) with ultracel-10 (10 kDa molecular weight cutoff) membrane. The procedures were repeated until reaching a dilution factor of 1:800. The resulting samples were adjusted to a final volume of 100 mL with drug B formulation buffer.
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The comments in this paper reflect the views of the author and should not be construed to represent FDA's views or policies. Figure 7 . Schematic view of possible biochemical pathways facilitating dextrose-mediated aggregation of therapeutic monoclonal antibodies in human plasma. Dextrose appears to induce isoelectric precipitation of abundant plasma proteins, namely complement protein C3/C4, complement factor H, fibronectin, and apolipoprotein B-100, whose pI values are proximate to the pH of product formulation (in the range of 6.0 to 6.2). Subsequently, the concurrent mAb becomes co-precipitated, possibly through interactions with complement proteins, 18 resulting in insoluble protein aggregates containing both mAb and plasma proteins.
